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Challenges in Arctic seismic monitoring

• Geophysical waveforms collected from Arctic regions provides data required for 
monitoring global security targets

• Some seismic instruments deployed on Scandinavian and Greenlandic sites 
provide waveform data, but these installations include specific challenges:
• Sea ice and glacial ice generates waveform interference
• Meltwater generates narrowband interference, resembling tonal noise

• I will specifically discuss how to quantify the performance of some sensor 
installations at high latitudes
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Challenges in the cryosphere

Cryosphere 
responds to:
• multi-year climate 

change
• seasonal variability
• diurnal variability
• transient weather 

events 
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ML 2.0 lake-associated icequakes 

Kavanaugh et al., 2018
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ML 2.0 lake-associated icequakes 

Kavanaugh et al., 2018

River ice presence/absence influences river noise   

Smith & Tape, 2019
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ML 2.0 lake-associated icequakes 
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Antarctic icequakes triggered by the 
2010 Maule earthquake in Chile

Peng et al., 2014
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ML 2.0 lake-associated icequakes 

Kavanaugh et al., 2018

River ice presence/absence influences river noise   

Smith & Tape, 2019

Challenges in the cryosphere

Cryosphere 
responds to:
• multi-year climate 

change
• seasonal variability
• diurnal variability
• transient weather 

events 

How does the 
changing 
cryosphere impact 
our detection of 
small seismic 
sources?

Antarctic icequakes triggered by the 
2010 Maule earthquake in Chile

Peng et al., 2014
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How can we quantify false negatives? 
One tool: waveform infusion (aka waveform injection)
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How can we quantify false negatives? 
One tool: waveform infusion (aka waveform injection)

• General “recipe”, customizable for different data types & detection algorithms 

• Applications: 
• Compare performance of multiple detectors
• Track temporal variability in detection capability 

• Toy example on next slide uses 5 minutes of single-channel data:

• A  simple STA/LTA detector identifies signals (△) embedded in noise
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Waveform infusion recipe
1. Scale an event 2. Add to original data at known timestamps 

5/5

5/5

4/5

3/5

3. Run 
detector, 
count how 
many infused 
events 
detected for 
each template 
scale factor

5 minutes, original data in grey 

2 seconds
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Template scale factor

Percent of 
scaled, 
infused 
events 
detected

100%

0%

templates 
from 
previous 
slide

Run infusion test 
with additional 
scaling factors to 
generate full curve

Desired 
detection 
percentage

Threshold 
template 
scale factor

x

** Repeat the process for each block of time** 
(scale template, infuse, detect, generate curve, find threshold)
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Test a range of scaling factors for infused template, 
determine threshold size **
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Application: compare detection performance

Template scale factor

Percent of 
scaled, 
infused 
events 
detected

100%

0%

Station 1 Station 2

COMPARE STATIONS

Detector 1 Detector 2

Summer Winter

COMPARE 
SEASONS

COMPARE 
DETECTORS

Modified from Carr et al., 2020, Journal of Glaciology

25 – 75% quantile

5 – 95% quantile

3 day mean
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based on 
Arrowsmith’s 
3dof f-detector



Application: temporal variability in detection thresholds

detection 
threshold
increase:
>1 magnitude 
unit

Wind event: network-wide 
increase in minimum  
detection thresholds

threshold 
template 
scale factor

3 winter days

Station 1

Station 2

threshold 
template 
scale factor

Plot 
threshold template 
scale factor 
as a time series

Template scale factor

Percent
detected

80%
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Blood Falls & Taylor Glacier, Antarctica

Photo: Michael Studinger, 
Operation IceBridge
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McMurdo 
Dry Valleys

East 
Antarctic 
Ice Sheet

lake ice

Blood 
Falls

Taylor 
Glacier
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Blood Falls

Photo: Peter Rejcek, NSF
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winter event
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Figure: Kristin Timm
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Blood 
Falls
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Photos from 2 cameras show 
a brine release event during 
winter 2014
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2 people

tent
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large cracks  in 
glacier surface

Photo: Peter Rejcek, NSF, 21 Nov 2014

Retrograde, 
elliptically polarized motion, 
decays rapidly with depth

Figure: 
USGS Earthquake Glossary
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Nov 2013 — Jan 2015:
3  seismic  stations 

Photos: Chris Carr

Map base image: 
Google Earth
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1. Rotate into Blood Falls 
reference frame

Map base image: 
Google Earth

2. Phase shift vertical channel (VH)

~2 seconds

3. Calculate correlation values

Events above 
threshold

th
re

sh
o

ld

Best-fit normal 
distribution

Correlation 
values from 
data

4. Find best-fit normal distribution and threshold

5. Construct time series of event counts

ev
en

ts
  p

er
30

 m
in

ut
es

range of 
constant false 
alarm rates

“best” 
constant false
alarm rate

Brine 
release

30 minutes

threshold

Intro   |   Infusion   |   Rayleigh Detection |   Wind   |   Summary 
Modified from Carr et al., in review, JGR-Earth Surface



What size events are we detecting? 
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Photo: Chris Carr

SENSOR BLOOD 
FALLSTaylor Glacier

lake ice
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p wave speed: 3850 m/s
s wave speed: 1950 m/s

sample 
rate, 
instrument 
response

ice density = 917 kg/m3

What size events are we detecting? 
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Photo: Chris Carr

sensor à source distance

24Intro   |   Infusion   |   Rayleigh Detection |   Wind   |   Summary 



sensor à source distance

p wave speed: 3850 m/s
s wave speed: 1950 m/s

sample 
rate, 
instrument 
response

ice density = 917 kg/m3

Crack 
opening 
volume = 

<latexit sha1_base64="gWVetmNs9hPHOwhLnfrf29sWYzA=">AAAB/3icbVDLSsNAFJ3UV62vqODGzbRFqAglcaEuq25cVrAPSEKYTCft0MmDmYkYYhf+g1/gxoUibv0Nd/0bJ20X2nrgwuGce7n3Hi9mVEjDGGuFpeWV1bXiemljc2t7R9/da4so4Zi0cMQi3vWQIIyGpCWpZKQbc4ICj5GON7zO/c494YJG4Z1MY+IEqB9Sn2IkleTqB5fQsssWTGDNfqCucQwdu+yUXL1q1I0J4CIxZ6TaqNgnz+NG2nT1b7sX4SQgocQMCWGZRiydDHFJMSOjkp0IEiM8RH1iKRqigAgnm9w/gkdK6UE/4qpCCSfq74kMBUKkgac6AyQHYt7Lxf88K5H+hZPRME4kCfF0kZ8wKCOYhwF7lBMsWaoIwpyqWyEeII6wVJHlIZjzLy+S9mndPKubtyqNKzBFERyCCqgBE5yDBrgBTdACGDyCF/AG3rUn7VX70D6nrQVtNrMP/kD7+gHOP5Zf</latexit>

A[[u(⇠0)]]

Crack opens instantaneously, 
volumetric change = 0.1 m3

What size events are we detecting? 
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Photo: Chris Carr
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Cartoon: 
Carr et al., 
2020, 
Journal of 
Glaciology

Crack opens instantaneously, 
template volumetric change = 0.1 m3
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A[[u(⇠0)]]

Crack opens instantaneously, 
template volumetric change = 0.1 m3

What size events are we detecting? 

For details of radiation pattern & source model, see: 
Carr et al., 2020, Journal of Glaciology
Carmichael, 2021, Geophysical Journal International
Carr et al., (in review), JGR – Earth Surface
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Photo: Chris Carr
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Cartoon: 
Carr et al., 
2020, 
Journal of 
Glaciology
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3 winter days

minimum 
detectable 
crack edge 
length (m)

Crack opens 10 cm
graph plots crack length = crack depth

Intro   |   Infusion   |   Rayleigh Detection |   Wind   |   Summary Carr et al., in review, JGR-Earth Surface
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Ice 
blisters

tent
Blood 
Falls

Possible scenario: thermally-driven cracking in the nearby 
environment masks any clear signal of the Blood Falls crack opening

Intro   |   Infusion   |   Rayleigh Detection |   Wind   |   Summary 
Photos: Chris Carr Carr et al., in review, JGR-Earth Surface

3 winter days

minimum 
detectable 
crack edge 
length (m)

Crack opens 10 cm
graph plots crack length = crack depth



Wind & air temperature strongly related

29Intro   |   Infusion   |   Rayleigh Detection   |   Wind |   Summary Data: McMurdo Dry Valleys LTER Taylor Glacier Meteorological Station 

December 2013 (summer)

April 2014 (winter)

Air Temp °C Wind Speed (m/s)Diurnal cycles

Multi-hour to multi-day events
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air 
temp
°C

frequency 
(vertical 
channel)

frequency 
(east 
channel)

frequency 
(north 
channel)

wind 
speed
(m/s)

High-energy narrow band features during high wind 
April 2014 (winter)
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frequency 
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frequency 
(east 
channel)

frequency 
(north 
channel)

air 
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wind 
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Detector performance varies over different time scales 
that index noise, interference

Carr et al., 2020, Journal of Glaciology

%
 d

et
ec

te
d

event size

Summer Winter

STA/LTA 
detector 1

STA/LTA 
detector 2

Wind event:  
sustained increase 
in minimum 
detectable event size

1. We observe distinct temporal (seasonal, 
diurnal) patterns in detector thresholds. 

2. Weather events can change detector thresholds 
relative to their baseline seasonal performance 
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threshold 
template 
scale factor

Station 1

Station 2

threshold 
template 
scale factor

3 winter days

minimum 
detectable 
crack edge 
length (m)

Correlation detector 
(Rayleigh events)
Carr et al., in review, Journal of Geophysics 
– Earth Surface

STA/LTA detector
Carr et al., 2020, Journal of Glaciology

detection threshold increase:
>1 magnitude unit
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Temporal variability in detector performance

• Motivation: Detector performance characterization: what are the smallest events we can detect? 

• Challenge: Temporal variability in background noise changes detection thresholds. Weather-
driven microseismicity in the cryosphere is variable and unknown.

• Approach: Infuse scaled waveforms into real data to measure temporal variability of detection 
thresholds, as modulated by environmental microseismicity (general method is signature agnostic). 

• Results: Developed an infusion routine, applied to a small high-frequency (~2-40 Hz) Antarctic 
network, calculated threshold magnitudes for 3 different seismic detectors to characterize 
seasonal and diurnal variability. 

• Next Steps: Develop an automatic infusion routine to enable detection characterization at 
local distances, including stations near Arctic test sites.  Build capability to routinely integrate 

threshold estimates informed by meteorological observables.
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Questions?

39Photo: Chris Carr



Bonus Material : 
Interpreting the Blood Falls record through 
historical photos, field observations, and art 
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Carr, Pettit, & Fountain, in prep, Antarctic Science
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